Although proton pump inhibitors (PPIs) are widely used, their relative potency and ideal dosing regimens remain unclear. We analyzed data from randomized clinical trials that performed pH testing in patients receiving solid-dose PPI formulations (omeprazole, esomeprazole, lansoprazole, pantoprazole, rabeprazole) for a minimum of 5 days. We used omeprazole equivalency and the surrogate biomarker, percentage time pH > 4 over a 24-hour period (pH4time), to compare PPI effectiveness for different PPIs given once, twice, or 3 times daily. We found that increasing strength of once-daily PPIs (9-64 mg omeprazole equivalents) increased pH4time linearly from approximately 10.0 to 15.6 hours; higher doses produced no further increase in pH4time. Increasing the frequency to twice-daily PPI increased pH4time linearly, from approximately 15.8 to 21.0 hours. Three-times daily PPIs performed similarly to twice-daily PPIs. The costs of PPIs varied greatly, but the cost variation was not directly related to potency. We conclude that PPIs can be used interchangeably based on potency. Using twice-daily PPIs is more effective in increasing efficacy increasing once-daily PPI dosage. Omeprazole and lansoprazole (30 mg) and 20 mg of esomeprazole rabeprazole are functionally equivalent.
S
ince their introduction approximately 3 decades ago, proton pump inhibitors (PPIs) have become one of the most widely used drugs worldwide. Recently, the prevalence of PPI use was estimated at 7% to 9% in ambulatory patients, 1,2 and more than 20% among ambulatory patients older than 80 years. 2 Increased PPI use results in high health care costs, exaggerated further by the use of proprietary rather than generic PPIs. 3 It has been estimated that 5-year excess costs associated with proprietary PPIs exceeded $47 billion dollars in the United States. 3 The relative potency of different histamine-2-receptor antagonists (H2RAs) was based historically on healing rates of peptic ulcers in which the duration of the intragastric pH level of 3 or higher was a reliable surrogate marker for the relative effectiveness of H2RAs. 4, 5 PPIs largely have replaced H2RAs because they proved to be more effective for ulcer healing and relieving symptoms and healing of erosive gastroesophageal reflux disease (GERD) than H2RAs. [6] [7] [8] [9] Analyses of the relationship between PPI effectiveness and intragastric pH level also showed the duration the pH level was maintained at a pH of 4 or greater over the 24-hour day (pH4time) could be used as a surrogate marker for symptom relief in GERD, and in the healing and prevention of relapse of erosive esophagitis. 6 The pH4time biomarker subsequently has been used widely to compare antisecretory drugs, especially in marketing studies designed to prove the superiority of one PPI over another. [10] [11] [12] [13] [14] PPIs also have proven to be useful adjuvants to antimicrobial therapy for Helicobacter pylori infection. 15 Although there are numerous studies claiming that one PPI is superior to another, consensus conferences have suggested that PPIs are more similar than different. For example, the 2005 Canadian Consensus Conference concluded that 20 mg omeprazole, 40 mg esomeprazole, 30 mg lansoprazole, 40 mg pantoprazole, and 20 mg rabeprazole were equivalent for the treatment of GERD. 16 The World Health Organization Collaborating Centre for Drug Statistics Methodology proposed that 20 mg omeprazole, 30 mg esomeprazole, 30 mg lansoprazole, 40 mg pantoprazole, 20 mg rabeprazole, and 30 mg of dexlansoprazole were equivalent for the treatment of GERD (http://www.whocc.no/atc_ddd_ index/?code¼A02BC&showdescription¼yes; accessed August 27, 2016) . These apparent contradictions emphasize the need for objective data and possibly for surrogate markers to reliably rank comparative PPI effectiveness and allow more cost-effective use.
Based on results from 57 clinical studies (including 3831 subjects), Kirchheiner et al 17 proposed pH4time as a surrogate marker of relative PPI potency. They analyzed the dose-effect relationships for the mean (or median intragastric pH when the mean was not provided) intragastric pH as well as the pH4time for each PPI and then used pharmacodynamic modeling to define the relative potencies for the different PPIs. Relative potencies subsequently were standardized to omeprazole. Kirchheiner et al 17 reported the relative potencies were 0.23, 0.90, 1.00, 1.60, and 1.82 for pantoprazole, lansoprazole, omeprazole, esomeprazole, and rabeprazole, respectively (ie, 40 mg of pantoprazole and 9 mg of omeprazole were similarly effective when assessed by pH4time) (Table 1) . In their analyses, Kirchheiner et al 17 pooled the daily cumulative dosages used, but did not examine the effects of the frequency or timing of administration. The conversion of other PPIs as to potency in relation to omeprazole was termed by the authors of this paper as omeprazole equivalents (OEs).
Here, we used the relative potencies reported by Kirchheiner et al 17 to compare available PPIs in terms of OEs in relation to dose-pH time. We further restricted our analyses to data from Western countries where CYP2C19 genotypes are skewed toward rapid metabolizers. In addition, we only included studies that tested pH4time PPIs after reaching a steady state (ie, after a minimum of 5 days of PPI therapy). We furthered the study by Kirchheiner et al 17 by also investigating the potency of PPIs by frequency of administration (eg, once daily, twice daily, or 3 times/d). We also provide estimates for both dexlansoprazole and the newest PPI, the potassium-competitive acid blocker vonoprazan. PH4time, a surrogate marker, provides composite data and thus helps compensate for differences among PPIs in relation to pharmacokinetics and pharmacodynamics (eg, effect of CYP2C19), provided that the relative potencies are derived from similar populations (eg, Asian vs Western). Finally, we determined the cost in relation to OEs to provide an estimate of which PPIs provide the best value in terms of acid suppression.
Methods
We performed a search of articles published in PubMed from inception through August 2016 using a combination of multiple medical subject heading (MeSH) terms and keywords for PPI, clinical trials, and pH (Supplementary Appendix 1). We did not apply any restrictions to our search strategy. We manually searched bibliographies of relevant articles for references not captured by the search strategy. We included studies if they were randomized clinical trials and performed pH testing after a minimum of 5 days on PPIs. Given the variability in CYP2C19 metabolism in Asian populations, Asian studies were excluded. Studies also were excluded if they were abstracts, published in non-peer-reviewed journals, or manufacturer data. Studies or study arms were excluded if the PPI was not an oral formulation (intravenous), used a non-widely available medication (ie, tenatoprazole), or used a nonstandard formulation of available medication (ie, different from tablet or capsule). In addition, we excluded study arms if patients took histamine H2RAs concomitantly with the PPI. Both authors screened all results retrieved by the search and reviewed all articles for possible inclusion. Any disagreements were resolved through discussion. To ensure reliability, both authors separately extracted the same data from 50 study arms with excellent Cohen's k (>0.8).
In addition, several random and targeted re-evaluations of the data extraction by both authors were performed to continue to ensure reliability of the data extraction.
Finally, to compare intragastric pH data reliably, we attempted to obtain additional information regarding measurement methods and contacted investigators when necessary. Important variable information extracted included the pH measurement methods used (ie, from pH electrodes placed in the stomach or measurements of intermittently aspirated gastric contents), the type of electrode used (ie, antimony or glass), and whether an external reference electrode was used. Because intragastric data obtained by antimony electrodes with external reference electrodes often is unreliable, we only included studies using combination electrodes (Supplementary Methods). [18] [19] [20] We excluded studies if they assessed only esophageal pH or used aspiration techniques to assess intragastric pH.
We abstracted data from each study arm: study population (ie, healthy, H pylori, symptomatic GERD, duodenal ulcers, and so forth), number of participants, number of women, number of patients with H pylori infection if provided, whether the study was blinded, CYP2C19 testing if provided, the percentage of time pH level was 4 or higher (mean or median), 24-hour intragastric median pH (or mean), the percentage of time the pH level was 6 or higher (mean or median) if reported, and the number of days on therapy before pH testing. The criteria used to define the specific study populations such as heartburn or GERD, were extracted. Given the wide variability in reporting strategies, we collected mean and median values separately. Means and medians were compared in studies that provided both mean and median values and also by comparing the final results. We compared values for each PPI regimen as weighted and unweighted medians and means. Studies were weighted based on study sample sizes and variance was calculated as previously described. 17 We created best-fit lines to assist providers in determining drug dosage regimens and calculated linear regression models for daily, twice-daily, and 3 times daily regimens. PPIs used in study arms were plotted with OE as the independent variable based on previously reported OE data with pH4time as the dependent variable. We performed post hoc analyses limiting the results to OEs of 9 to 64 mg because most data were extracted between this range. Data analysis was performed using Stata version 13.1 (College Station, TX) and SigmaPlot 10 (San Jose, CA). P values less than .05 were considered statistically significant. We also constructed dose-response curves for the different PPIs using linear regression analysis of the combined weighted median/median time the pH was equal to or greater for each designated pH (eg, pH 4).
Results
A total of 56 randomized studies, which included 146 randomized arms, met our inclusion criteria and included at least 1 study arm evaluating the potency of omeprazole, rabeprazole, pantoprazole, esomeprazole, or lansoprazole (Table 2 and Supplementary Table 1 ). Seven studies (14 treatment arms) using esophageal probes (without gastric probe), 7 studies (19 treatment arms) using external reference electrodes, and 4 studies with 11 treatment arms using gastric aspiration were excluded (Supplementary Table 2 ). In the majority of studies, pH4times were presented as medians. We examined whether the results differed significantly if we used median or mean results for the time the pH was equal to or greater than a designated pH level (eg, pH4time using several methods). Two studies reported both median and mean values of ph4time; the reported results were similar (paired t test, P ¼ .75). 21, 22 We also calculated weighted medians from median-only values and mean-only values separately. There were no significant differences between mean and median values for ph4time with a normal distribution of the differences. As a result, if median data were not provided, we substituted the mean result. Data are presented as the weighted percentage of time over a 24-hour period the pH was equal to or greater than pH 4. We used the relative potencies of Kirchheiner et al 17 and expressed the dose of each PPI in OEs (Table 1) . 17 Supplementary 
Proton Pump Inhibitors Administered Once Daily
Data were available from 116 treatment arms and 3713 subjects with once-daily therapy. Figure 1 shows the results for the different OEs using a single daily dose of PPI taken for at least 5 days. Even the lowest dose of PPI (2.5 mg OE) had a marked effect on pH4time, suggesting that most of the proton pumps were inactivated at this dose. For example, pantoprazole 10 mg once daily resulted in a ph4time of 34.9% (8.3 h), 23 compared with placebo arms that reported a ph4time between 1.2% and 1.7% (weighted mean, 1.5%). [24] [25] [26] [27] [28] The curve tended to taper off after approximately 70 mg OE, suggesting that the duration of the PPI in the blood stream limits the effective dose. We obtained the best fit for the data using a quadratic polynomial equation (r ¼ 0.769; P ¼ .0019) (Figure 1 ). The increase in pH4 time was linear (between approximately 9 and 64 mg OE) (Figure 2 ). The linear equation for doses between 9 and 64 mg OE once daily was as follows: ph4time ¼ (35.9 þ [0.477 * OE]) with strong correlation (R ¼ 0.738) and the standard error of estimate ¼ 8.7. Based on this best-fit line, pH4time is approximately 40% (9.6 h over a 24-hour period) with 9 mg OE and increases to a peak of approximately 65% (15.6 h) with 64 mg OE.
Twice-Daily and Three Times per Day Dosing Regimens
We examined the effect of twice-daily dosing (25 studies and 592 subjects) (Supplementary Table 1 ). The lowest dose of twice-daily dosing (9 mg OE twice daily, which corresponds to 40 mg pantoprazole twice daily) resulted in a pH4time comparable with the highest dose of PPI tested in once-daily dosing (approximately 65% or 15.6 h over a 24-hour period) ( Figure 3A) . Increasing the OE resulted in a further increase in pH4time, peaking at approximately 85% (20.4 h) with 64 mg OE twice daily (40 mg esomeprazole twice daily), the highest dose tested ( Figure 3B ). The linear equation was as follows: pH4time ¼ 65.231 þ (0.331 * OE), R ¼ 0.629, and standard error of estimate ¼ 8.540. Increasing the dosing interval to 3 times/d (5 studies, 106 subjects) did not provide any further improvement (the 3 times/d regression was superimposed on the twice-daily regression) ( Figure 2B ).
Percentage Time Gastric pH 6
We also evaluated the pH6time because this has been suggested as possibly important for the success of H pylori triple therapy and in control of upper gastrointestinal bleeding. 29 We found 28 studies with 687 subjects using once-daily (17 studies and 528 patients), twice-daily, and 3 times/d dosing. The pH6time increased to greater than 50% irrespective of the OE in only 1 study (Figure 4 ). The maximum OE tested was 54 mg (lansoprazole 60 mg 3 times/d), which achieved a mean pH6 time of 33% (7.8 h over a 24-hour period) (Figure 3 ). With pH6time, the mean and median data differed significantly, reflecting the need for standardization of reporting; it also suggested that data for pH of 6 or higher does not follow normal distribution and is right-skewed ( Figure 3, Supplementary Table 4 ). This is not surprising considering that pH 6 ¼ 0.001 mmol/L Hþ and secretion of even a minute amount of acid can result in a marked decrease in pH.
Costs Table 3 provides the US costs of different PPIs in standard tablet or capsule formulations by strength. The corresponding OE and the resulting cost per OE also is provided. Brands are significantly more expensive than generic formulations. Low-dose (20 mg) pantoprazole had the highest cost per OE. Generic formulation had the lowest cost per OE. A formulation that cost less than $0.10 per OE was available for all PPIs reported earlier.
Dexlansoprazole and Vonoprazan
Finally, we assessed the effects of newer acidsuppressing formulations, dexlansoprazole, the (R)-(þ)-enantiomer of lansoprazole, and vonoprazan, a potassium-competitive acid blocker. Data for both medications were limited in Western populations.
Dexlansoprazole releases drug at 2 points in time as a result of a dual delayed-release formulation with 25% of the drug being released at pH 5.5 and 75% being released at pH 6.8. 30 After 5 days of therapy, weighted median pH4time with dexlansoprazole once daily at 30 mg, 60 mg, and 90 mg were 59% (83 patients), 70% (232 patients), and 67% (83 patients), respectively. [31] [32] [33] By using the pH4time, 30 mg dexlansoprazole was equivalent to approximately 50 to 60 mg OE once daily, 60 mg was equivalent to 15.5 OE twice daily, and 90 mg was equivalent to 9.5 mg OE twice daily (Figure 4 ). Considering their high cost (Supplementary Table 3 ) and low relative effectiveness, dexlansoprazole cannot generally be recommended.
Vonoprazan, a new class of PPI (potassium competitive-acid blocker), is both long acting and does not require acid activation. 34 Although most pH data come from Asian populations, 2 studies examined the effects of vonoprazan in a Western (UK) population. 35, 36 Of these, only 1 study met our criteria examining effects of vonoprazan in a Western population. 37 The weighted median pH4time was 60.2%, 85.2%, 90.1%, and 93.2% for 10, 20, 30, and 40 mg of vonoprazan, respectively, when given once daily after 7 days of therapy. 37 Based on the PPI pH4time plots (Figures 1 and 2A) , when given once daily, 10 mg of vonoprazan was equivalent to 60 mg OE once daily, and 20 mg was equal to 60 mg OE twice daily (Supplementary Table 3 ).
Discussion
Overall, we confirmed that PPIs differ in potency in terms of acid suppression as assessed by pH4time. In addition, we found the following: (1) the slope of the increase in effectiveness was low and peaked at approximately 70 mg OE; (2) PPI administration twice a day was more effective in increasing the pH4time than a once-daily dose; (3) increasing the dosing frequency from twice to 3 times daily did not increase the effectiveness of acid suppression; (4) combining data regarding relative potencies with PPI costs allowed easy determination of the relative cost effectiveness of PPIs (Table 3) ; (5) dexlansoprazole, a quasi-twice-a-day formulation produced similar acid suppression to the lowest twice-daily PPI regimen; and (6) 20 mg vonoprazan once daily provided similar efficacy as high-dose twice-daily PPI.
We used relative potencies of different PPIs proposed by Kirchheiner et al 17 to compare pH4time data from a large sample of patients receiving PPIs once, twice, or 3 times daily. This approach allows one to predict the outcome and effectiveness of different strategies such as decreasing or increasing the OE in once-daily therapy or increasing the dose to twice daily or 3 times/d dosing intervals.
Our study differed from that of Kirchheiner et al, 17 who calculated the relative PPI potency based on total daily PPI dosage and included nonrandomized studies and conference abstracts. More importantly, our review focused on providing data that would allow PPI regimens to be tailored at the level of individual patients. There were several strengths of our study including our rigorous criteria to reduce bias, construction of multiple models to evaluate efficacy, and analysis of the effects of dosage frequency. [38] [39] [40] [41] [42] [43] [44] Many comparative studies of PPIs assessing specific indications (such as relief of heart burn, healing of esophageal erosions, prevention of relapse of esophageal erosions, or rapidity of ulcer healing) have used the surrogate marker pH4time. The use of pH4time allows comparison of relative PPI potency across different studies. This is especially important for studies that are not double-blinded, which can be subject to higher degrees of bias in qualitative assessments such as symptom improvement.
Although many head-to-head comparisons of different PPIs have been performed, we found that few attempted to relate the outcome to differences in relative potency of the different PPIs used. For example, Rohss et al 14 the World Health Organization Collaborating Centre's conclusions. 16 To further confirm and extend the usefulness of OEs and pH4time, head-to-head PPI comparisons, based on similar OEs, both in terms of acid suppression and in relation to clinical end points are necessary. The available clinical data suggest there are ph4time thresholds for achieving different end points (eg, to achieve healing of esophageal erosions). Studies comparing different antisecretory therapies for erosive GERD have suggested a maximum rate with a pH4time of longer than approximately 16 hours (66%). 6 However, that conclusion was based on only 2 data points for data on more than 8 to 10 hours (33 and 50%) pH4time and none between approximately 10 and 16 hours. 6 Another small comparison of PPIs for the prevention of relapse of erosive GERD showed a marked benefit with 4.5 and 13.5 mg OE (approximately 8-10 hours pH4time), with the best results obtained with pH4times of longer than 12 hours (50% pH4time). 45 Such data also are consistent with the notion that single doses of PPI between 27 mg OE (30 mg of lansoprazole) through 36 mg OE (rabeprazole 20 mg) would produce similar outcomes.
The results of our review suggest that increasing dosing frequency to twice daily may be a more effective strategy than escalating once-a-day dosing (Figure 3) . Our results suggest that it is possible to reasonably predict the relative outcome of commonly used doses of PPIs given once or twice daily in relation to the percentage of time the intragastric pH remains at 4 or higher over a 24-hour period. 17 Interestingly, when administered twice a day, even the lowest OE tested (pantoprazole 20 mg or 4.5 mg OE) equaled or exceeded the effectiveness of the highest dose of the most potent PPI (rabeprazole 40 mg or 72 mg OE) given once a day. Twice-daily dosing resulted in pH4 times ranging between approximately 65% and 85% (15.6-20.4 h). Increasing dosing to 3 times daily did not appear to provide an additional benefit. The caveat to that statement is that there were only a few studies with small sample sizes using 3 times/d dosing.
Omeprazole Equivalents in Gastroesophageal Reflux Disease and Ulcer Healing
Our data help explain apparent discrepancies between comparative studies using clinical outcomes that actually were comparing PPIs with markedly different relative potencies. For example, one large comparative meta-analysis compared clinical differences between different PPIs in terms of relative risk in healing of GERD, healing of peptic ulcers, or H pylori therapy. The meta-analysis compared relative risks, using omeprazole 20 mg as the control group, for pantoprazole 40 mg, lansoprazole 30 mg, rabeprazole 20 mg, and esomeprazole 40 mg. 15 The only significant difference when comparing relative risk for endoscopic healing at 4 weeks for GERD (based on 40 study arms) was that 40 mg of esomeprazole (64 mg OE) was found to be superior to 20 mg of omeprazole (20 mg OE) (relative risk, 1.18; 95% CI, 1.14-1.23). 15 In the assessment of peptic ulcer healing at 4 weeks (based 18 study arms, none of which used esomeprazole), the only significant difference reported was that 40 mg of pantoprazole (9 mg OE) was found to be superior to omeprazole 20 mg (20 mg OE) (relative risk, 1.07; 95% CI, 1.02-1.13). There was no significant difference in H pylori eradication (42 study arms). There were several potential limitations of this meta-analysis including, but not limited to, potential heterogeneity between study groups, publication bias, small sample sizes, short follow-up period, and potential for selection bias. Another large meta-analysis of 10 studies (15,316 patients) examined healing of erosive GERD at 8 weeks. Daily single doses of esomeprazole at 40 mg (64 mg OE) were compared with omeprazole 20 mg, lansoprazole 30 mg (27 mg OE), pantoprazole 40 mg (9 mg OE), or omeprazole 40 mg (40 mg OE). Overall, at 8 weeks there was only a 5% (95% CI, 2%-8%) increase in the probability of healing with the highest PPI dose. The effectiveness of high-dose PPI was related inversely to the severity of esophagitis, with the numbers needed to treat ranging from 50 for Los Angeles grade A (based on 4138 patients) to 8 at grade D (based on 920 patients). 46 
How These Results May Affect Practice
PPIs often are prescribed for long periods. There has been increasing interest in the consequences of long-term use including effects on bone metabolism, the microbiota, vitamin B12 availability, susceptibility of different infections, cardiovascular disease, and so forth. In most instances, long-term PPI use is for the treatment and prevention of symptoms. 47 It is prudent to use the lowest effective dose as assessed by OE and many patients can be managed by on-demand therapy. Cost is also an important consideration. In the United States, the price varies markedly without any clear relation to efficacy. Physicians should be provided with cost information and OE data to be able to choose the most cost-effective combination of an individual patient in relation to their method of paying for care. Table 3 provides information regarding PPI potency in relation to cost. Potential applications of this table may be to help patients and providers decide what may best meet their needs. Patients with erosive GERD or Barrett's likely require long-term therapy. As shown here, twicedaily therapy likely is preferred for its improved ability to achieve a prolonged increase in pH4time compared with high-dose once-daily therapy. For patients with erosive esophagitis, it may be reasonable to initiate therapy with one of the least expensive PPIs given twice daily. If successful, after approximately 8 weeks, when healing is likely to have been achieved, one might consider reducing dosage to once a day. Pantoprazole is likely best avoided unless one wishes to focus on lowdose PPI therapy and in certain populations that find it effective at symptom control. The cost-effectiveness table may help guide clinicians with escalation of therapy and de-escalation of therapy. For instance, patients requiring proton pump inhibitors but who have risk factors or concerns for Clostridium difficile infection (in which the biological plausibility is related to acid suppression) may wish to use a less-potent regimen that will continue to control symptoms.
Conclusions
This article attempts to clarify the obfuscation surrounding PPI dosing for tailored acid suppression. These data allow one to address common PPI-related questions such as potency of different PPIs, dosages, and regimens. Clearly, PPIs differ in relative potency and this should be taken into account both in terms of degree of acid suppression desired and in relation to cost effectiveness, while also being tailored for the individual patient and the indication for PPI. Although these data highlight the effectiveness of higher OE dosages and twice-daily regimens in acid suppression, the choice of PPI regimen and dosing should be based on indication for use and the lowest effective dose should be used to limit adverse effects related to PPIs. There are also important implications for PPI research. Studies that have measured effects of PPIs by pooling all PPIs fail to account for differences in the amount of acid suppression seen with different dosages, drugs, and regimens, and as a result reported associations (or lack thereof) may be inaccurate. Future well-designed clinical trials are needed that examine different PPIs based on similar omeprazole equivalents and the resulting effects on both clinical and patient-reported outcomes.
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